Anaplasma marginale, a rickettsial hemoparasite of cattle and other ruminants, results in significant economic losses worldwide. Distinct strains of A. marginale have been identified based on differences in tick transmissibility, molecular size of surface proteins and DNA restriction fragments, and reactivity to a panel of monoclonal antibodies. These different strains vary considerably in their virulence, antigenic composition, and ability to protect against heterologous challenge. In this paper, we report on the molecular characterization of a newly isolated strain of A. marginale, designated St. Maries, recovered from an acutely infected cow in northern Idaho. Dermacentor andersoni ticks taken from the infected animal were tested for infection by RNA probe analysis. The infection rate of male ticks (as determined by midgut infection) was 100%, and the infection rate of female ticks was 83%. Infected male ticks were able to transmit the St. Maries strain to a susceptible calf. The high infection rate in male ticks may be particularly relevant, given that male ticks are believed to be epidemiologically important in transmission of A. marginale because of their intermittent feeding behavior, which promotes interhost transfer. The newly isolated strain differs from other US strains, including strains previously isolated in Idaho and Washington, based on reactivity to a panel of monoclonal antibodies and restriction fragment length polymorphisms. These results imply that antigenically distinct strains of A. marginale may arise within the same region. However, because epitopes previously demonstrated to be conserved in other A. marginale strains were also present in the St. Maries strain, it is possible to develop diagnostic tests against conserved epitopes that could be used for early identification of infected cows or ticks.
Anaplasmosis is a hemoparasitic disease of cattle clinical disease but can serve as reservoirs and may and other ruminants caused by the intraerythrocytic recrudesce following stress. 39 rickettsiae Anaplasma marginale, Anaplasma centrale,
The basis for persistent infection in the face of a or Anaplasma ovis. Anaplasmosis resulting from A. competent host immune response is currently unmarginale infection is of economic importance world-known, but rickettsemia levels in cattle persistently wide, including in the USA, where it commonly occurs infected with A. marginale cycle at approximately in the south, southeast, intermountain west, and west 5-week intervals for a prolonged period. 11 One explacoast regions. 1, 22 The organism can be transmitted bi-nation for this cyclic rickettsemia is the development ologically via ticks or mechanically via biting flies or of A. marginale antigenic variants during chronic infomites 13, 18, 27 The incubation period ranges from 20 to 40 days, and clinical signs, such as severe anemia, fection. 8, 14 Antigenic variation within a host, known to be a mechanism of persistence in other intracellular fever, weight loss, and death, are usually accompanied and hemoparasitic infections, 7, 29, 36 would explain the by high, microscopically detectable levels of rickettse-inability of the host to clear A. marginale infection mia. As animals recover from acute anaplasmosis, despite a competent immune response. Variation in rickettsemia levels fluctuate for a period of several strains of A. marginale isolated from different geomonths before dropping below microscopically de-graphical locations argues in favor of this explanation. tectable levels. 28 Recovered animals remain persis-Strains of A. marginale have been identified that differ tently infected with low, microscopically undetectable considerably in their virulence, antigenic composition, levels of the organism and are usually protected against ability to protect against heterologous challenge, and primary mode of transmission. 23, 25, 38 Strains have been From the Departments of Veterinary Microbiology and Pathology differentiated on the basis of transmissibility by (Eriks, Panton, McElwain, Palmer) and Veterinary Clinical Medicine ticks, 31, 38 tified. In addition, diagnostic tests developed to identify infected animals must be based on conserved A. marginale sequences or antigens. The extent to which diversity among strains of A. marginale from a given geographical region occurs is not currently known. If intrahost antigenic variation is a frequent occurrence, diversity among A. marginale strains from similar geographical locations would be expected. In this paper, we report the identification and molecular characterization of a new, tick-transmitted strain of A. marginale isolated from a field case in St. Maries, a town located in the panhandle of Idaho.
Materials and methods
Clinical history and physical examination of affected animal. On April 30, 1992, a mature female Hereford cow from a cow/calf operation in St. Maries, Idaho, was admitted to the Washington State University Food Animal Clinic with clinical signs of severe depression. The entire herd had been wintered in the Clarkston, Washington, area. One cow was found dead the same morning, but none of the other approximately 200 head appeared to be ill. On physical examination, the affected cow was 5-7% dehydrated, the mucous membranes were pale and icteric, and numerous ticks were seen. Blood taken from the animal revealed a packed cell volume (PCV) of 7% and total protein of 9.0 g/dl. Numerous dense marginal bodies consistent with Anaplasma marginale were seen on Wright-Giemsa-stained blood smears. Ticks were removed from the animal both prior to and shortly after treatment, which consisted of a blood transfusion, tetracycline (4 g given intravenously followed by 9 mg/pound given intramuscularly), oral electrolytes and ivermectin (7.3 ml given intramuscularly). The cow slowly improved and was discharged on May 7, 1992.
Identification and incubation of ticks. All visible ticks were collected from the infected cow within 12 hr of treatment. Only adult Dermacentor andersoni ticks were found, despite extensive searching for nymphs and larvae. A total of 52 fed male D. andersoni and 4 replete and 22 partially fed female D. andersoni were recovered alive. Previous studies have shown that incubation of ticks at 26 C for a minimum of 48 hr will exclude the possibility of mechanical transfer by contaminated tick mouthparts. 33 Ticks were therefore placed in a humidity chamber (93% relative humidity) at 26 C with a 12.hr photoperiod for 5-7 days. Female tick mortality during this time was 31% (8/26), and male tick mortality was 25% (13/52). Following incubation at 26 C, the 18 remaining female ticks were held at 37 C for 60 hr to stimulate replication of any A. marginale organisms that might be present before DNA extraction. 16, 19 Determination of A. marginale infection in ticks. Male ticks were further examined for their ability to biologically transmit the St. Maries strain; interrupted feeding of males occurs naturally and is believed to be an important means of A. marginale transmission. 32, 34 The 39 live adult male ticks were confined under a cloth patch and allowed to feed for 5 days on a susceptible splenectomized calf. A total of 35 live and 4 dead male ticks were recovered from the recipient calf following tick feeding. The calf was treated with acaricide, and blood samples were taken twice weekly and examined for A. marginale infection microscopically by Wright-Giemsa-stained blood smears. Following removal from the test calf, male D. andersoni ticks were individually dissected to separate salivary tissue from midguts, and DNA was extracted from individual salivary glands or midguts as previously described. 11 Because of the degeneration that occurs in salivary gland tissues of female ticks following feeding, salivary gland dissection was not attempted in females, and DNA was extracted from whole female ticks. Tick tissues were digested overnight at 37 C in PK buffer (100 mM Tris-HCl, pH 7.5; 150 mM NaCl; 12 mM ethylenediaminetetraacetic acid [EDTA]; 1% sodium dodecyl sulfate [SDS]; and 100 µg/ml proteinase K). The following day, tissues were digested further with proteinase K, and DNA was extracted with phenol and chloroform, made single-stranded with NaOH (final concentration 0.4 N), and transferred to nylon membranes a with dot-blot apparatus. b Negative controls consisted of known negative, laboratory-reared ticks extracted in the same manner. Positive controls were prepared by adding serial dilutions of known numbers of infected erythrocytes to negative controls ticks, and DNA was extracted as described above.
Nylon membranes were hybridized overnight with the msp1ßspecific 32 P-labeled RNA probe c and washed and autoradiographed d as previously described. 10
Determination of tick infection rates. A tick was defined as infected if it was probe positive on dot-blot analysis. Tick infection rates were calculated by dividing the number of infected ticks by the total number of ticks probed.
Propagation of St. Maries strain.
To obtain blood smears and stabilates of the St. Maries strain, blood was taken from the naturally affected cow just prior to and 1 day following treatment, and both blood samples were inoculated intravenously into a splenectomized 8-mo-old male Holstein calf. The calf was monitored daily by examination of Wright-Giemsa-stained peripheral blood smears. When rickettsemia reached 39%, prior to onset of severe anemia, blood was collected for preparation of blood smears and stabilates. Stabilates were prepared in dimethyl sulfoxide and frozen in liquid nitrogen. 21 Blood smears were prepared for immunofluorescence assays (IFA) as previously described. 23 Blood was washed 3 times in phosphate-buffered saline (PBS: 0.01 M sodium phosphate and 0.14 M NaCl, pH 7.4) and centrifuged at 675 x g to remove plasma and buffy coat. Erythrocytes were resuspended in an equal volume of PBS containing fetal bovine serum, and blood smears were made and stored at -86 C until use.
Monoclonal antibodies. The development and characterization of MAbs to A. marginale have been described previously. 23 MAbs ANA15D2, ANA22B1, ANAF35A1, and ANAF34Cl react with the major surface protein (MSP) MSPla, which is present in all other US and foreign strains of A. marginale examined. 23, 26, 35 MAbs ANAO58A2, ANAO50A2, ANAO66A1, and ANAO70A2 react with MSP-2, also present in all US strains of A. marginale examined. 23, 26 However, in previous studies, ANAO70A2 did not react in IFA with a strain of A. marginale isolated from Kabete, Kenya. 35 MAbs ANAR76A1 and ANAF16C1 react with the outer membrane Proteins MSP-4 and MSP-5, respectively. 24, 37 These proteins in US and foreign strains of A. marginale. 23, 26, 35 The other A. marginale-specific MAbs tested, ANAR17A6, ANAR83B3, ANAR94C1 ANAO24D2, and ANAR38A6, react with strain-specific determinants and have been used A. marginale strains. 23,26 is a MAb to the WaTat 1.1 Trypanosoma brucei variable surface glycoprotein 5 and was used as a negative control.
Immunofluorescence assay. IFA tests were performed as previously described. 23 In addition to the St. Maries strain, blood antigen smears representing the following strains were used: Okanogan, Washington (Washington-O); South Idaho (S. Idaho); Clarkston, Washington (Washington-C); and Florida. Thawed blood smears were fixed in acetone for 5 min, and 5 µl (0.2 µg) of each antibody was added to delineated squares. After 30 min of incubation, the slides were washed 3 times in PBS and further incubated for 30 min with fluorescein isothiocyanate-labeled rabbit anti-mouse immunoglobulin. e The slides were washed 3 times, treated with p-phenylenediamine-buffered glycerine mounting medium,' and examined by fluorescent microscopy. 9 Isolation of A. marginale DNA. Genomic DNA was isolated from blood samples obtained from calves experimentally infected with the St. Maries, Washington-O, S. Idaho, Washington-C, and Florida strains of A. marginale. 10 Blood samples were washed 3 times with PBS to remove plasma and buffy coat, resuspended in PBS, and stored at -20 C. To isolate DNA, blood samples were thawed, treated with SDS and proteinase K, and deproteinized by using phenol and phenol-chloroform. The DNA was precipitated with 2 volumes of 100% ethanol, resuspended, and further purified by RNase A treatment. Precipitated DNA was resuspended in TE buffer (10 mM Tris-HC1 [pH 7.5], 0.1 mM EDTA) and stored at 4 C.
Southern blot analysis. Restriction fragment length polymorphism DNA ferent A. marginale strains was performed by restriction enzyme digestion and Southern blotting. 30 Aliquots of purified genomic (2 µg) from each strain, along with calf thymus as a negative control, were digested with the restriction enzymes SstI, PstI, or EcoRV and HindIII. b DNA fragments were separated by agarose gel electrophoresis and blotted onto nylon membranes. All membranes were hybridized with an RNA probe that specifically reacts with the msp1ß gene. This A. marginale gene has been shown to be a member of a multigene family, with multiple RFLPs seen in strains from different geographical locations. 3,6 Initially, nylon membranes were hybridized with a 32 P-labeled RNA probe," washed, and autoradiographed. d,10 Subsequently, a chemiluminescent RNA probe was prepared and used according to the manufacturer's recommendations. g D. andersoni experimental feedings, in which cattle developed microscopically detectable rickettsemia between 19 and 38 days following tick feeding with male and female ticks previously exposed to an acutely infected animal. 18, 24 Tick infection rates. The A. marginale infection rates in male and female D. andersoni ticks recovered from the affected cow were determined by hybridization to an A. marginale-specific probe. Salivary glands and midguts from male ticks were examined separately. Hybridization results are depicted in Fig. 1 . The infection rate in male tick salivary glands was 86% (30/ 35) and in male tick midgut tissue was 100% (35/35 Considerable restriction enzyme polymorphism was exhibited in Southern blots of the different A. marginale strains hybridized with the msp1ß-specific probe (Fig. 2) . The restriction enzyme profile of the St. Maries strain appeared to be most similar to that of the Washington-O strain; however, differences in restriction enzyme patterns could be seen in the PstI and the EcoRV/HindIII digests following hybridization with the msp-1ß-specific probe.
Results
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We have identified and characterized a new strain of tick-transmissible A. marginale, isolated from a naturally infected cow from St. Maries, Idaho. By comparing reactivity to a panel of MAbs and by RFLP analysis and Southern blotting, we were able to differentiate this strain from other A. marginale strains isolated in the northwestern USA. The 4 northwestern strains (St. Maries, Washington-O, Washington-C, and S. Idaho) were originally isolated from field cases located within 250 miles of each other. Because the infected cow in this study had overwintered near Clarkston, Washington, approximately 70 miles from St. Maries, and only recently returned to St. Maries, it is possible this cow was infected in the same area from which the Washington-C strain was previously isolated.
Despite similar geographic origin, the four strains could be clearly differentiated from each other based on RFLP analysis and reactivity to a panel of MAbs.
On RFLP analysis, the St. Maries strain most closely resembled the Washington-O strain, although the 2 could be differentiated on the basis of minor differences in restriction enzyme digests. RFLP analysis of the Washington-C and St. Maries strains showed many RFLPs. The St. Maries strain had a pattern of MAb reactivity unlike that of any other northwestern strain.
In particular, the St. Maries strain reacted with the MAb ANAR19A6, developed against a strain of A.
marginale isolated from Virginia, which has not previously been shown to react with any other US A.
marginale strains. 23 These results imply that even within a given geographical region antigenically distinct strains of A. marginale occur that can be identified and differentiated. Because A. marginale strains can vary significantly in their virulence and tick transmissibility, the ability to differentiate A. marginale strains could be important in epidemiologic analyses of field outbreaks. In addition, differentiation of strains is necessary in experimental studies designed to examine the ability of 1 strain to cross-protect against others. Although the St. Maries strain was antigenically distinct from the other A. marginale strains examined, surface B cell epitopes conserved among strains of A.
marginale throughout the world were also present in this newly isolated stain. MAbs to MSP-1 a and MSP-2 react with all A. marginale strains isolated to date. 23, 26, 35 However, the proteins on which these conserved epitopes occur vary in size among strains, and the genes encoding these proteins are members of polymorphic families. 2, 25 MAbs to the MSP-4 and MSP-5 proteins also react with all isolated strains of A. marginaLe. 23,i6,35 The proteins recognized by these MAbs do not vary in size among strains. 24, 37 In addition, MSP-4 is encoded by a single conserved gene. 24 To be clinically useful, a diagnostic test must be capable of detecting all strains of an organism, irrespective of antigenic A. variation. The ability of MAbs to the MSP-4 and MSP-5 proteins to recognize all isolated A. marginale strains, as well as the homogeneity of molecular mass among all of the strains examined, make them excellent candidates for development of diagnostic tests capable of detecting the many different strains of A. marginale that may be present worldwide.
Biological transmission by ticks is a distinguishing feature of some A. marginale strains. For example, the S. Idaho strain is biologically transmitted by D. andersoni ticks, but strains of A. marginale isolated from Florida and Illinois have not been successfully tick transmitted. 31, 38 However, field studies of tick transmission of A. marginale were previously limited by the inability to detect infected ticks without time-consuming electron microscopic techniques. Recently, nucleic acid probes have been used to detect and quantitate A. marginale infection in ticks fed on experimentally infected cattle; tick infection rates increased as the rickettsemia level in carrier cattle increased. 11,12 However, although 100% infection rates in ticks fed on clinically affected animals have been achieved in experimental situations where ticks are confined beneath cloth patches, 12,17 infection rates of ticks from field cases of anaplasmosis have not been previously examined. Infection rates in ticks isolated from field cases may differ from those in experimental situations because under natural circumstances ticks will be feeding on an infected animal for various lengths of time prior to onset of rickettsemia and because interrupted feeding, believed to be a normal behavior of male ticks, 32 may occur, which can decrease the likelihood of a tick acquiring infection. The infection rate (as determined by midgut infection) of male D. andersoni ticks isolated from the present field case of A. marginale was 100%, and infection rate of female ticks was 83%. The high A. marginale infection rates seen in these ticks suggest that even under natural conditions infection rates of ticks feeding on cattle with high rickettsemia levels can approach 100%, thereby greatly increasing the likelihood of subsequent transmission to a susceptible animal. The high infection rate seen in male ticks may be particularly important in potential field transmission, because interrupted feeding behavior of males facilitates transfer from 1 host to another.
The A. marginale infection rate seen in male tick salivary glands (86%) was lower than the midgut infection rate in these same ticks (100%). Similar discrepancies have been noted previously between midgut and salivary gland infections in experimentally fed ticks.
In 1 study, in which male D. andersoni were fed on an 4. A. marginale-infected calf with high rickettsemia levels, midgut infection rates reached 100% 3 days following initiation of feeding. In contrast, salivary gland infection rates in the same ticks after 3 days of feeding were only 40% and did not reach 100% until 4 days later. 17 The differences in infection rates between the 2 tick organs examined is most likely due to the fact that A. marginale undergoes initial replication in the l tick midgut before dissemination to the salivary gland occurs. 15, 20 Thus in a field situation, probe analysis of tick midguts may provide a more accurate represen-8. tation of A. marginale infection rate in ticks removed from acutely infected animals.
Characterization of this new strain of A. marginale 9.
has shown that although antigenically distinct strains of A. marginale may exist within a given geographical 10. region, detection of multiple strains may be possible by the development of diagnostic tests targeted toward 11. l conserved proteins or genes. In addition, infection rates in ticks collected from this field isolate demonstrate that the transmission potential of an animal with mi-12. croscopically detectable A. marginale rickettsemia is high. Thus, acutely infected animals are likely to con-13. tribute significantly to spread of disease in an outbreak of A. marginale.
14.
